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 Foreign bodies are walled off by immune structures called granulomas 
 Schistosoma mansoni eggshells prevent granulomas forming around immature parasites 
 Secreted antigens from mature parasites induce granulomas that promote egg shedding 
















SUMMARY   1 
Schistosome eggs provoke formation of granulomas around them. For the host, the 2 
granulomatous response can be both protective and pathological. Granulomas are also postulated 3 
to facilitate parasite egg extrusion through the gut lumen, a necessary step for transmission. 4 
Using zebrafish larvae, we find that mature Schistosoma mansoni eggs recruit macrophages, 5 
which form granulomas within days. Inert egg-sized beads also rapidly induce granulomas 6 
through a foreign body response. Strikingly, immature S. mansoni eggs do not recruit 7 
macrophages. We distinguish mature and immature eggs via size analysis and find that only 8 
mature S. mansoni eggs are shed into the feces of infected mice. Importantly, analysis of egg 9 
sizes from previously reported data shows that humans also shed mature eggs only. Our findings 10 
support the model that the immunologically inert eggshell inhibits granuloma formation long 11 
enough for the parasite to mature. Then parasite antigens secreted through the eggshell trigger 12 
granulomas, facilitating egg extrusion. 13 
 14 
  15 
 5 
INTRODUCTION 16 
Human schistosomiasis, caused by parasitic flatworms of the genus Schistosoma, affects more 17 
than 200 million people worldwide (WHO, 2019). Adult schistosomes live in the mesenteric 18 
venules of their definitive hosts, humans, where they produce eggs that are shed into the 19 
environment through feces or urine, depending on the schistosome species (Colley and Secor, 20 
2014). Upon reaching fresh water, the eggs hatch releasing free swimming larvae, miracidia, that 21 
can then infect their intermediate snail hosts (Colley and Secor, 2014). In the snails, they 22 
reproduce asexually and mature to produce cercarial larvae, which are released into the water, 23 
and infect humans by penetrating the skin (Colley and Secor, 2014). In the case of Schistosoma 24 
mansoni, the most studied and geographically widespread species, the egg-laying adult pair 25 
resides in the mesenteric venous plexus. Upon maturation in the liver, the female and male adult 26 
worms pair up and migrate via the portal system to the mesenteric venules where they produce 27 
eggs (Nation et al., 2020). The eggs are shed by translocation through the venule and then the 28 
intestinal wall into the feces; however, many become lodged in the intestinal wall or the liver 29 
(Hams et al., 2013; McManus et al., 2018; Nation et al., 2020; Schwartz and Fallon, 2018).  30 
As the egg matures, it secretes antigens that provoke the formation of a granuloma - an 31 
organized aggregate of macrophages and other immune cells - around it (Ashton et al., 2001; 32 
Boros and Warren, 1970; Chiu and Chensue, 2002; Jurberg et al., 2009).  For the host, the 33 
granuloma may play a dual function - both protective and pathogenic (Hams et al., 2013). On the 34 
one hand, it may protect the host by sequestering toxic egg antigens, and by preventing 35 
translocation of bacteria from the intestinal lumen into the tissues as the egg breaches the 36 
intestinal wall to exit the host (Costain et al., 2018; Hams et al., 2013; Pagan and Ramakrishnan, 37 
2018; Schwartz and Fallon, 2018). On the other hand, the chronic granulomas around tissue-38 
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trapped eggs, particularly those in the liver, are the principal drivers of disease pathogenesis and 39 
morbidity (Hams et al., 2013; Pagan and Ramakrishnan, 2018). The chronic Schistosoma 40 
granuloma has a complex cellular composition with an abundance of myeloid cells, lymphocytes, 41 
eosinophils, and fibroblasts that act in concert to cause tissue pathology (Hams et al., 2013; 42 
Pagan and Ramakrishnan, 2018). The fibrogenic granulomatous response to the liver-trapped 43 
eggs causes damaging periportal fibrosis leading to portal hypertension and the development of 44 
esophageal varices which can rupture leading to internal bleeding and death (Colley and Secor, 45 
2014; Pagan and Ramakrishnan, 2018).  46 
While the granuloma’s role has mainly been studied from a host centric view, it has also been 47 
hypothesized that the early granuloma is critical for the parasite’s life cycle by facilitating the 48 
translocation of the eggs from the vasculature to the intestines and then into the feces for 49 
transmission to a new host (Dunne et al., 1983; Hams et al., 2013; Schwartz and Fallon, 2018). 50 
Because insights into the Schistosoma granuloma have been derived from single time point  51 
histologic studies of human clinical samples and animal models - hamsters, mice and monkeys 52 
(Cheever et al., 2002; Hutchison, 1928), its role in translocation is understudied. The optical 53 
transparency of the zebrafish larva has enabled detailing of the early events of tuberculous 54 
granuloma formation in real-time using non-invasive, high resolution, serial intravital 55 
microscopy (Pagan and Ramakrishnan, 2018; Ramakrishnan, 2020; Takaki et al., 2013). Here, 56 
we have used the zebrafish larva to detail the events of early granuloma formation to S. mansoni 57 
eggs. We find that macrophage-dense epithelioid granulomas form rapidly around mature eggs. 58 
In striking contrast, we find that immature eggs are immunologically silent, failing to provoke 59 
even minimal macrophage recruitment. Given that inert beads induce epithelioid granulomas, 60 
this finding provides insight into how the egg might actively manipulate the timing of granuloma 61 
 7 
formation so as to prevent immune destruction or premature extrusion from the host. This idea is 62 
supported by our findings that S. mansoni-infected mice have both mature and immature eggs in 63 
their liver and intestinal wall but shed only mature eggs into the intestinal lumen. 64 
 65 
RESULTS 66 
S. mansoni eggs induce epithelioid granuloma formation in the context of innate immunity 67 
To study Schistosoma granulomas we used the zebrafish hindbrain ventricle (HBV), an 68 
epithelium-lined cavity to which phagocytes are recruited in response to chemokines and bacteria 69 
(Cambier et al., 2017; Cambier et al., 2014; Takaki et al., 2013; Yang et al., 2012)(Figure 1A). It 70 
has previously been shown that beads coated with S. mansoni soluble egg antigens (SEA) 71 
injected intravenously into mice get deposited in the lung where they induce macrophage 72 
recruitment and aggregation around them (Boros and Warren, 1971; Chiu et al., 2004). Using 73 
transgenic zebrafish with red fluorescent macrophages, we found that injection of SEA into the 74 
HBV induced macrophage recruitment within six hours (Figure 1B). Next, we implanted S. 75 
mansoni eggs into the HBV. Because the mature egg is relatively large (>50 μm diameter), we 76 
used a large bore borosilicate needle that allowed us to make an incision, grasp the egg and 77 
implant it into the HBV cavity in rapid succession (Figure S1, Movie S1 and Methods, Figure 78 
1C). Implantation of the eggs had no deleterious effect on larval survival; larvae implanted with 79 
either one or two eggs had a survival rate of 98%-100% at 5 days post-implantation (dpi), 80 
identical to the mock-implanted control group (n=50 per group). Implantation also did not 81 
change larval swimming behaviors or responses to tactile stimuli.  82 
We examined macrophage responses to the egg at 5 dpi. Eight independent experiments 83 
showed a consistent pattern of varying levels of macrophage recruitment: some eggs (32%, range 84 
17 to 44%) had minimal macrophage recruitment with 0-6 macrophages found in contact with 85 
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the egg (Figure 1D and 1E and Supplementary Table 1). The majority (69%, range 56 to 83%) 86 
elicited robust macrophage recruitment with 41% (range 11 to 67%) having several isolated 87 
macrophages or small clusters of macrophages in contact with them and 28% (0 to 45%) eliciting 88 
organized granulomas that had either partially or fully enveloped them (Figure 1D and 1E and 89 
Supplementary Table 1).  90 
To determine the macrophage recruitment events leading to granuloma formation, we imaged 91 
nine implanted eggs sequentially over seven days, and then analyzed retrospectively the 92 
progression of recruitment in the three that had formed granulomas (Figure 2A and Figure S2). 93 
For the egg shown in Figure 2A, by 1 dpi, macrophages had arrived in response to the egg and 94 
were in contact with it (Figure 2A; Movie S2). By 3 dpi, macrophages had formed loose 95 
aggregates on one part of the egg (Figure 2A), an intermediate stage that is likely to represent a 96 
transient transition to granuloma formation as it was not seen in our 5 dpi single timepoint 97 
analyses. By 5 dpi, an organized granuloma partially covering the egg was apparent, which had 98 
expanded to encapsulate the entire egg by 7 dpi (Figure 2A; Movie S2). In the remaining two 99 
eggs that elicited granulomas, one had a similar sequence of events except that the granuloma 100 
which formed by 5 dpi had still not enveloped the egg completely at 7 dpi (Figure S2A). The 101 
other egg had already formed a small partial granuloma by 3 dpi but could not be monitored 102 
further owing to failure to recover the animal following imaging on this day (S2B). Thus, the 103 
sequence of events leading to granuloma formation seemed consistent in all cases. 104 
Likewise, in all three cases, even the partial granulomas had macrophages which appeared 105 
confluent with indistinct intercellular boundaries, suggesting they had already undergone the 106 
characteristic epithelioid transformation associated with mature Schistosoma granulomas (Moore 107 
et al., 1977; Von Lichtenberg et al., 1973)(Figure 2A and Figure S2). To confirm this, we 108 
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identified 8 eggs that had elicited partial or complete granulomas and assessed these for 109 
epithelioid transformation using immunofluorescence staining for E-cadherin, the expression of 110 
which is its cardinal feature (Cronan et al., 2016). All 8 eggs had E-cadherin staining, confirming 111 
that they had undergone epithelioid transformation as exemplified by Figure 2B and Movie S2.  112 
In mammals, S. mansoni eggs invoke macrophage-rich granulomas with very few neutrophils 113 
in contrast to S. japonicum eggs, which recruit both macrophages and neutrophils (Chensue et al., 114 
1995; Moore et al., 1977; Swartz et al., 2006; Von Lichtenberg et al., 1973). Likewise, we found 115 
that in the zebrafish, granulomas forming to S. mansoni eggs contained very few neutrophils 116 
(Figure 2C and 2D). In contrast, similarly-sized Mycobacterium marinum granulomas all 117 
contained neutrophils as expected (Figure 2C and 2D) (Yang et al., 2012). This pattern was 118 
established at the onset of egg implantation with the recruitment of macrophages but not 119 
neutrophils at 6 hours post-implantation (hpi), whereas the Gram-negative bacterium 120 
Pseudomonas aeruginosa recruited both types of cells, as expected (Figure 2E)(Yang et al., 121 
2012). The lack of neutrophil recruitment has been attributed to the egg-secreted, interleukin-8 122 
neutralizing S. mansoni chemokine binding protein (smCKBP), more commonly known as 123 
alpha-1 (Smith et al., 2005). Accordingly, the injection of SEA recruited macrophages but not 124 
neutrophils, in contrast to P. aeruginosa which recruited both (Figure 2F and 2G).  125 
Next, we asked if the miracidium could survive within an epithelioid granuloma. We imaged 126 
individual eggs containing mature miracidia within organized granulomas at 5 dpi, and found 127 
they were still alive; the miracidium could be seen moving within the eggshell (Figure S3A; 128 
Movie S3). E-cadherin staining immediately after imaging confirmed that the granuloma 129 
macrophages had indeed undergone epithelioid transformation (Figure S3B). We also saw that in 130 
those cases where the eggshell had ruptured either during or after implantation, macrophages had 131 
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entered into the eggshell and destroyed the miracidium (Figure S3C; Movie S3). These findings 132 
were consistent with those in mammals showing that the intact eggshell protects the miracidium 133 
against destruction by host macrophages (Bunnag et al., 1986; Hutchison, 1928; Von 134 
Lichtenberg et al., 1973). Further confirming this, miracidia implanted after removal from the 135 
egg rapidly recruited macrophages that destroyed them (Figure S3D).  136 
In sum, we found that the key features of early mammalian responses to S. mansoni eggs are 137 
replicated in the zebrafish: selective macrophage recruitment to form bona fide epithelioid 138 
granulomas within days, which formed in the sole context of innate immunity. Our findings 139 
highlight that the miracidium tolerates granuloma formation as long as the eggshell is intact, a 140 
critical aspect of the Schistosoma life cycle that depends on granulomas to enhance egg extrusion 141 
from the host. These granulomas most closely resemble intestinal granulomas in mice, which 142 




Immature S. mansoni eggs do not induce macrophage recruitment or granuloma formation 147 
 The egg matures six days after it is fertilized at which point it begins to secrete antigens 148 
(Ashton et al., 2001; Jurberg et al., 2009; Mann et al., 2011; Michaels and Prata, 1968). 149 
Accordingly, only viable mature eggs are found to induce granulomas (Jurberg et al., 2009; Von 150 
Lichtenberg et al., 1973). We sorted immature and mature eggs based on their size and 151 
appearance (Figure S4A)(Jurberg et al., 2009). None of the immature eggs had reached maturity 152 
by 5 dpi and importantly all invoked only minimal macrophage recruitment (Figure 3A and 3B). 153 
To corroborate this result, we implanted in vitro laid eggs at 2 and 6 days post-fertilization in 154 
which the developmental stages were synchronized so that the two day eggs were immature and 155 
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the six day eggs mature (Figure S4B). Again, the majority of the six day old mature eggs induced 156 
macrophage recruitment, including granuloma formation, whereas the two-day eggs elicited only 157 
minimal macrophage recruitment (Figure 3C). These results were consistent with antigens 158 
secreted from the mature egg being the trigger for granuloma formation (Ashton et al., 2001; 159 
Boros and Warren, 1970; Chiu and Chensue, 2002). To test this, we asked if dead eggs elicited a 160 
macrophage response. Freshly heat-killed eggs produced fewer granulomas than live eggs 161 
(Figure 3D). This finding is consistent with prior observations that some egg antigens are heat 162 
stable and that heat-killed eggs retain a thin layer of antigens which can induce granulomas, 163 
albeit less than living eggs (Freedman and Ottesen, 1988; Klaver et al., 2015; Von, 1964). 164 
Accordingly, we found that eggs that had been killed by storage at 4°C for 12 months (old dead 165 
eggs) so as to potentially inactivate all their antigens did not induce granulomas, and only a 166 
minority (10%) recruited any macrophages at all (Figure 3E).  167 
We next asked if immature and dead eggs, although failing to form granulomas, could still 168 
induce early transient macrophage recruitment. At 6 hours post-implantation, immature, heat-169 
killed, and old dead eggs all recruited fewer macrophages than live mature eggs (Figure 3F-3I).  170 
These findings suggested that mature egg antigens enhance macrophage recruitment from the 171 
earliest stages, and subsequently activate the recruited macrophages to form the granuloma.  172 
Finally, we found that if we ruptured immature eggs prior to implantation, they rapidly 173 
recruited macrophages (Figure 3J and 3K). Similar to the case with ruptured mature eggs, these 174 
macrophages entered the ruptured immature egg and killed the embryo (Figure 3J and data not 175 
shown). Together these results suggest that while the exposed embryo and fully-mature 176 
miracidium elicit macrophage recruitment similarly, the intact egg at the two stages is 177 
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fundamentally different in its ability to recruit macrophages, the initial step that is required for 178 
granuloma formation.  179 
To ask if egg antigen secretion was also required for the subsequent steps of macrophage 180 
aggregation into granulomas, we implanted an immature egg together with a mature egg in each 181 
animal. If mature egg antigens were required only to recruit macrophages to the egg, then the 182 
presence of the mature egg should recruit macrophages to the vicinity of the immature egg, 183 
allowing granulomas to form. In both instances, macrophages were recruited to and settled on the 184 
mature egg, with hardly any on the adjacent immature egg (Figure 3L). Thus, macrophage 185 
recruitment in response to the presence of egg antigens in the vicinity of the immature egg is not 186 
sufficient to induce macrophage adherence and granuloma formation. Rather, egg-intrinsic 187 
antigen is required for both macrophage recruitment and adherence to the egg with subsequent 188 
granuloma formation.  189 
 190 
The immature Schistosoma egg evades foreign body granuloma formation  191 
 Our findings were consistent with macrophage recruitment occurring only in response to 192 
antigens secreted from the mature egg rather than to the eggshell itself. Granulomas form in 193 
response to inert foreign bodies (Pagan and Ramakrishnan, 2018), so why would the eggshell not 194 
induce a foreign body granuloma? We considered three possibilities. First, that it was too small 195 
to invoke a foreign body response; this seemed unlikely as very small inert particles, e.g. a tiny 196 
thorn, can provoke a robust foreign body response (Pagan and Ramakrishnan, 2018). Second, 197 
that the mechanisms to form foreign body granulomas were not yet operant in the developing 198 
zebrafish larvae; this too seemed unlikely given that the foreign body granuloma response is 199 
evolutionarily ancient, and epithelioid granulomas form in response to foreign bodies in 200 
invertebrates (Pagan and Ramakrishnan, 2018). Third, that the immature schistosome egg has 201 
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specific mechanisms to evade foreign body granuloma formation. To distinguish between these 202 
possibilities, we implanted beads of three different chemically inert materials of the same size as 203 
the schistosome egg (Table S2). We chose sepharose, which is hydrophilic, and polystyrene and 204 
polyethylene, which are hydrophobic. All recruited macrophages within six hours (Figure 4A 205 
and 4B). By five days, epithelioid granulomas had surrounded most of the sepharose and 206 
polystyrene beads (Figure 4C-4E). The polyethylene beads were less granuloma inciting, with 207 
only 11% inducing bona fide granulomas, and most of the remaining beads failing to retain 208 
recruited macrophages (Figure 4C and 4D). However, even this weaker response was more 209 
robust than that of the immature eggs, which did not even transiently recruit macrophages. We 210 
confirmed these findings with a head-on comparison of macrophage recruitment and granuloma 211 
formation in response to immature eggs or similarly sized polystyrene beads in the same 212 
experiment (Table S2). Again, the polystyrene beads recruited macrophages by six hours and 213 
formed granulomas by five days, whereas the immature eggs did neither (Figure 4F and 4G). 214 
This result suggested that the immature egg specifically avoids being recognized as a foreign 215 
body. This could be because the immature egg secretes a specific product to inhibit macrophage 216 
recruitment, or that the eggshell is immunologically inert. To distinguish between these 217 
possibilities, we implanted an immature egg and a polystyrene bead adjacent to each other in the 218 
same animal. In every case, at six hours, macrophages were recruited only to the bead and not to 219 
the egg (Figure 4H and 4I). By five days post-implantation, granulomas had formed around the 220 
beads but none of the immature eggs (Figure 4J). These results support the idea that the eggshell 221 




Only mature eggs translocate into the intestinal lumen of S. mansoni-infected mice and 225 
humans 226 
 The observation that immature eggs, unlike mature eggs, are immunologically silent, led 227 
us to hypothesize, as P.D. Ashton et al. did before (Ashton et al., 2001), that timing granuloma 228 
formation to egg maturation prevents the expulsion of immature eggs while they are still 229 
dependent on the absorption of nutrients from the host for development. Moreover, only a mature 230 
miracidium can survive in the aquatic environment and invade its snail host. If our hypothesis 231 
were true, we would expect to find in S. mansoni-infected mice, an enrichment of mature eggs in 232 
the intestinal lumen as compared to intestinal wall and liver. To test this prediction, mice were 233 
naturally infected with S. mansoni by cutaneous exposure to cercaria, and at 6 weeks post-234 
infection, eggs were analyzed from liver, intestinal tissue, and small and large intestinal luminal 235 
content (feces). We quantified and categorized eggs as mature or immature by size and 236 
morphology (Jurberg et al., 2009)(Figure S4 and S5). As a test of our scoring accuracy, we then 237 
measured the size of the eggs and confirmed that our visual inspection had correctly separated 238 
the immature and mature eggs (Figure S5). We next assessed the distribution of mature and 239 
immature eggs for each collection site in each mouse. We found that while the liver and the 240 
intestinal tissue contained roughly equal proportions of both immature and mature eggs (Figure 241 
5A-D), hardly any immature eggs were found in the small intestinal lumen (6% average for all 242 
six animals; Figure 5E). Moreover, only 2 out of 11 immature eggs were at the very early stage 243 
of development, with the remaining ones nearing maturity (2009 Jurberg)(Figure 5E-G). All eggs 244 
scored from the lumen of the large intestines (feces) were morphologically mature and contained 245 
fully mature miracidia (Figure 5H and 5I). Statistical analysis of the pooled data from four mice 246 
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confirmed an enrichment of mature eggs in the lumen of the small and large intestines (Figure 247 
5J). These results confirmed that virtually all eggs shed by infected mice are mature.  248 
 Do humans also shed only mature eggs? We were unable to find a direct answer to this 249 
question in the literature. However, we found a paper that had assessed the length and width of 250 
30 eggs shed in the feces of S. mansoni-infected humans (Martinez., 1916). Because we found 251 
that immature and mature eggs differ in size with immature eggs being much smaller (Figure S4 252 
and S5)(Ashton et al., 2001), we were in a position to determine if the eggs shed by humans were 253 
mature or immature. We plotted the sizes of the eggs shed in human feces alongside the eggs 254 
from the mouse intestinal wall and lumen and found that all of the human eggs were in the 255 
mature egg size range (Figure 5K). Thus, humans also shed only mature eggs. 256 
 These results support the hypothesis that the timing of granuloma formation and 257 
subsequent egg expulsion is modulated so as to prevent premature expulsion of immature eggs, 258 
which would be terminal for the parasite were it to occur.  259 
 260 
DISCUSSION 261 
 Research on S. mansoni granulomas has focused mainly on the organ-damaging fibrosis 262 
that ensues from granulomas forming around tissue-lodged eggs (Colley and Secor, 2014). Yet 263 
most S. mansoni-infected individuals are either asymptomatic or only mildly symptomatic (Hams 264 
et al., 2013), possibly because their  granulomatous response is more tempered.  These 265 
individuals shed parasite eggs, highlighting that disease per se does not benefit the parasite’s 266 
evolutionary survival. Rather, as in the case with many infectious diseases, human disease 267 
represents collateral damage stemming from the host-pathogen interaction, harming the host with 268 
little benefit to the pathogen (Relman et al., 2020). On the other hand, early granuloma formation 269 
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in appropriate anatomical locations is thought to benefit both host and parasite for the same 270 
reason, expelling the parasite egg from the human host so as to enable it to continue its life cycle 271 
in its intermediate snail host (Dunne et al., 1983; Hams et al., 2013). While this idea is 272 
appreciated, it has been difficult to study extensively because of experimental limitations. Early 273 
or asymptomatic human infection seldom presents itself for study, and existing animal models 274 
are less suitable for the study of early granuloma-associated pathology.  275 
This work explores the earliest steps of Schistosoma granuloma formation that have not been 276 
captured in existing animal models. We show that as is the case with mycobacterial granulomas, 277 
bona fide epithelioid granulomas form in response to the Schistosoma egg in the sole context of 278 
innate immunity (Cronan et al., 2016; Davis et al., 2002). This should not be surprising given 279 
that epithelioid granulomas form in multiple invertebrate species in response to retained foreign 280 
bodies or even their own dead eggs (Pagan and Ramakrishnan, 2018). Yet, there has been at best 281 
a limited appreciation that adaptive immunity is not required for the formation of such an 282 
organized structure in the context of infectious granulomas, and indeed, the emphasis of 283 
schistosomiasis research on the late-stage granuloma has caused the focus to be on how the 284 
granuloma is modulated by adaptive immunity to become pathogenic (Hams et al., 2013; Pagan 285 
and Ramakrishnan, 2018). Given that Schistosoma eggs begin to be shed into the feces within 286 
days following maturation (deWalick et al., 2012), egg shedding must occur even in the absence 287 
of adaptive immunity and is likely promoted by these innate epithelioid granulomas. Our finding 288 
of the rapid epithelioid transformation of the granuloma also has relevance for granuloma-289 
induced transmission later in infection when adaptive immunity is operant. Moreover, intestinal 290 
granulomas, the ones that extrude the eggs, are smaller than those in the liver, with a paucity of 291 
the lymphocytes and eosinophils that characterize liver granulomas (Weinstock and Boros, 1983). 292 
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The rapid epithelioid transformation of the Schistosoma granuloma may help it to more 293 
efficiently extrude the eggs and hence propagate the parasite.  294 
We have also gained understanding of the mechanics of early granuloma formation. Broadly 295 
speaking, granuloma formation in response to the mature egg proceeds in two discrete steps. In 296 
the first step, macrophages are attracted to secreted parasite antigens, and upon contact with the 297 
egg, appear to gain a chemotactic activity that outstrips that of the egg. This results in the 298 
subsequent macrophages being recruited to the existing macrophages forming a tight, aggregate 299 
that then pulls itself together to encapsulate the egg. It is noteworthy that epithelioid 300 
transformation precedes the complete covering of the egg, highlighting that this specialized 301 
macrophage transformation (Pagan and Ramakrishnan, 2018) constitutes an early response. 302 
While these new details on how granulomas form around mature eggs are thought-provoking, 303 
more striking is the lack of even minimal macrophage recruitment by the immature egg. Given 304 
that like-sized beads recruit macrophages robustly and induce epithelioid granulomas, this 305 
finding reveals further nuance to the exploitation of the granuloma by the parasite. Not only must 306 
the parasite turn on granuloma formation through secretion of antigens, but it must also prevent 307 
the granuloma from forming too soon.  Premature granuloma formation may thwart granuloma 308 
for one of two reasons. The egg is laid into the blood stream, and needs to reach the wall of the 309 
blood vessel from which it extravasates and then penetrates the gut wall to be shed (deWalick et 310 
al., 2012). This process takes at least six days, perfectly synchronized with the time it takes for 311 
the miracidium to mature (Michaels and Prata, 1968; Pellegrino et al., 1962). Perhaps, premature 312 
granuloma formation might encumber its passage to the intestinal wall. Second, premature 313 
extrusion would remove the egg from the human tissue environment that is conducive to its 314 
maturation (Ashton et al., 2001). 315 
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Prior work has noted that the granuloma-inducing secreted Schistosoma antigens are secreted 316 
from the egg, rather than being incorporated into the eggshell, and that secretion occurs only 317 
after egg maturation (Ashton et al., 2001; Schwartz and Fallon, 2018). This work adds the key 318 
insight that the immunologically inert nature of the eggshell is a requisite counterpart of the 319 
Schistosoma transmission strategy. Our ability to directly compare granuloma formation around 320 
eggs and beads has been key to this insight. It will be interesting to determine how the eggshell 321 
remains immunologically inert in the context of adaptive immunity, particularly because eggshell 322 
proteins induce antibodies in humans (Dewalick et al., 2011; deWalick et al., 2012). Foreign 323 
body granuloma formation is a major complication of implanted devices (Pagan and 324 
Ramakrishnan, 2018). Identifying the chemical basis of the granuloma-silencing mechanism of 325 
the eggshell may have therapeutic implications to design inert materials for medical implants that 326 
alleviate this problem. 327 
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FIGURE LEGENDS   
 
Figure 1. Macrophage responses to SEA and S. mansoni eggs  
(A) Zebrafish larvae at 30 hpf with hindbrain ventricle (HBV) outlined. Scale bar, 300 μm. (B) Mean 
macrophage recruitment to HBV 3 hours post-injection with PBS, SEA or Mm; ANOVA with Dunnet’s 
post-test. (C) S. mansoni egg in HBV immediately after implantation. Scale bar, 75 μm. (D) 
Representative images of macrophage responses to S. mansoni eggs observed 5 dpi; Minimal recruitment, 
few if any macrophages recruited with ≤6 in contact with the egg (arrowheads); Macrophages recruited, 
several macrophages recruited with >6 in contact with the egg (arrowheads) but without aggregation; 
Granuloma; macrophage aggregation in which individual macrophages cannot be distinguished as 
separate, either partially (arrowhead) or completely encasing the egg. Scale bar, 75 μm. (E) Prevalence of 
macrophage responses to implanted eggs as defined in D, representing 8 experiments, each constituting a 
separate batch of eggs and a separate clutch of zebrafish larvae, as detailed in Table S1. Dotted line 




Figure 2. S. mansoni eggs induce epithelioid granulomas in larval zebrafish  
(A) Timelapse microscopy of egg monitored at 2 day intervals from 1-7 dpi showing in the four panels, 
respectively, sequential macrophage recruitment, aggregation (blue arrowhead), formation of the partial 
granuloma (white arrowhead), and its expansion to encase the egg. Scale bar, 25 μm. (B) Epithelioid 
granuloma immunostained using E-cadherin antibody. Scale bar, 50 μm. (C) Confocal images of 
granulomas in representative transgenic zebrafish larvae with red-fluorescent macrophages (MΦ) and 
green-fluorescent neutrophils (Ne) at 5 dpi with S. mansoni eggs (Sm) (left), or 5 days post-infection with 
M. marinum (Mm) (right); Scale bar, 50 μm. (D) Quantification of neutrophils recruited to Sm and Mm 
granulomas. (E) Quantification of phagocytes recruited to Sm and P. aeruginosa (Pa) 6 hours post-
injection. (F) Confocal images of HBV of representative larvae showing phagocyte recruitment at 6 hours 
post-injection with phosphate buffered saline (PBS) (left), S. mansoni soluble egg antigens (SEA) or 
P.aeruginosa. Scale bar, 100 μm. (G) Quantification of phagocytes recruited to Sm and P.aeruginosa (Pa) 
at 6 hours post-injection. Horizontal lines in (D,E,G) depict mean values. Student’s t-test (D) or one-way 
ANOVA with Bonferroni's post-test (E,G). Experiments in (A-B,E) were done once each, those in (C-




Figure 3. Immature eggs do not induce macrophage recruitment or granuloma formation  
(A-E) Granuloma formation and macrophage recruitment at 5 dpi comparing mature eggs with (A,B) 
immature eggs, (C) immature IVLE, (D) heat-killed eggs, or (E) old-dead eggs. Representative images in 
(A), scale bar 100 μm. (B-E) Percent of animals with different levels of macrophage recruitment to the 
egg. (F-I) Macrophages recruited to mature eggs at 3 hpi compared to (F and G) immature eggs, (H) 
heat-killed eggs, and (I) old-dead eggs. Representative images in (F), scale bar, 100 μm. (G-I) 
Quantification of macrophages recruited. (J) Confocal images showing macrophage recruitment to intact 
and mechanically ruptured immature eggs 6 hpi. Scale bar, 25 μm. (K) Quantification of macrophage 
recruitment to intact and ruptured immature eggs 6 hpi. (L) Confocal images of macrophage recruitment 5 
dpi to co-implanted mature and immature eggs into the same hindbrain ventricle of two different larvae. 
Enumeration of recruited macrophages showed 19 and 2 macrophages recruited respectively to the mature 
and immature egg (left panel), and 23 and 6 macrophages recruited respectively to the mature and 
immature egg (right panel). Scale bar, 50 μm. (G-I) Horizontal bars, mean values. Statistics, (B-E) 
Fisher’s exact test comparing the proportion of eggs which induced granuloma formation (black bars), or 
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granuloma formation with macrophage recruitment (black and gray bars combined, in parentheses); (G-I, 
K) Student’s t-test. (B-E) n, number of animals. All experiments performed once, except for F,G,J, and 
K which are representative of two experiments. Also see Figure S4 and Movie S3. 
 
  
Figure 4. Chemically inert beads induce epithelioid granulomas     
(A) Representative confocal images of macrophages recruited 6 hpi of sepharose, polystyrene or 
polyethylene microspheres into the HBV of transgenic zebrafish larvae carrying red-fluorescent 
macrophages with green nuclei. (B) Enumeration of macrophages recruited to these microspheres in 
multiple animals. (C) Representative confocal images of granulomas formed around the three types of 
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microspheres 5dpi into the HBV of transgenic larvae carrying the transgene for red-fluorescent 
macrophages (without green nuclei). (D) Stages of macrophage recruitment to microspheres 5 dpi into 
HBV of multiple larvae. (E) Brightfield (panels 1,3) and fluorescence confocal (panels 2,4) microscopy 
of sepharose and polystyrene bead granulomas following immunofluorescence staining with the E-
cadherin antibody. (F and G) Macrophage recruitment to immature eggs or microspheres implanted into 
the HBV at 6 hpi (F) and 5 dpi (G). (H-J) Macrophage recruitment following co-implantation of an 
immature egg and a polystyrene microsphere into the HBV of larvae transgenic for red-fluorescent 
macrophages with green nuclei. (H) Representative confocal image of an immature egg next to a 
microsphere. (I,J) Quantification of macrophage recruitment at 6 hpi (I), and at 5 dpi (J). Scale bars, 25 
μm. (B,F,I) Horizontal bars, means. (D,G,J) n, number of animals. Statistics, one-way ANOVA (B), 
unpaired (F) and paired (I) Student’s t-test and Fisher’s exact test comparing granulomas (black bars) or 
granuloma formation with macrophage recruitment (black and gray bars, in parentheses) (G-J). 
Experiments in E and F-J were performed once. A-D are representative of three experiments. Also see 




Figure 5. Mature eggs translocate into the lumen of the intestines  
(A-I) Quantification (A,C,E,H) and representative brightfield images (B,D,F,G,I) of mature and 
immature eggs found in the liver (A,B), small and large intestinal wall tissue and vasculature (C,D), small 
intestinal luminal content (E-G) and large intestinal luminal content (H,I) for six individual S. mansoni-
infected mice. (B,D) Representative images with image (left panel) showing immature (yellow arrow) and 
mature (white arrowhead) magnified from yellow square in wide-field image (right panel). (F,G) Images 
of eggs from the lumen of the small intestine, showing two mature eggs in contact with one immature egg 
(F), and a wide-field image showing three mature eggs (G). (I) Representative image of an egg recovered 
from feces at low resolution (left) and higher resolution with developed miracidia visible (right). (J) 
Pooled data for mice 2,3,4, and 6 from panels (A,C,E,H). SI, small intestine; LI, large intestine. (K) 
Dimensions of eggs from this experiment which were classified as immature or mature (open or closed 
circles, respectively) plotted with eggs shed in the feces of S. mansoni-infected humans (Martinez., 1916). 
All scale bars 100 μm except for (G) and the right panels of (B,D) which are 300 μm. ND, not determined. 
Statistics, Fisher’s exact test. Also see Figure S5. 
 
